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A M E A S U R E M E N T O F T H E HYDROGEN YIELD 
IN T H E RADIOLYSIS O F WATER 

BY DISSOLVED FISSION PRODUCTS 

by 

M. C. S a u e r , J r . , E . J . Ha r t , 
K. F . F lynn , and J . E . Gind le r 

ABSTRACT 

H y d r o g e n f rom the r a d i o l y s i s of w a t e r by d i s s o l v e d f i s ­
s ion p r o d u c t s is s t r i p p e d f rom the so lu t ion and co l l ec t ed by 
bubbl ing CO2 t h r o u g h the so lu t ion . Quant i t a t ive m e a s u r e m e n t s 
of the G v a l u e for h y d r o g e n show tha t the y ie ld is e s s e n t i a l l y 
the s a m e a s would be ob ta ined by e x t e r n a l g a m m a r a d i o l y s i s 
of n o n r a d i o a c t i v e so lu t ions of the s a m e c h e m i c a l compos i t i on . 
T h e h y d r o g e n y ie ld can be enhanced by addi t ion of a h y d r o g e n -
a t o m donor , s u c h as fo r in ic ac id , to the so lu t ion . The y ie ld of 
h y d r o g e n f r o m f i s s i o n - w a s t e so lu t ions is d i s c u s s e d with r e ­
s p e c t to the q u e s t i o n of w h e t h e r it r e p r e s e n t s a s igni f icant e n ­
e r g y s o u r c e . 

I. INTRODUCTION 

The q u e s t i o n of w h e t h e r useful amoi in ts of h y d r o g e n can be g e n e r a t e d 
via the r a d i o a c t i v e d e c a y of f i s s i o n - w a s t e p r o d u c t s p rov ided the i m p e t u s for 
the e x p e r i m e n t s d e s c r i b e d h e r e . P r e v i o u s r a d i a t i o n c h e m i c a l s t u d i e s * of a q u e ­
ous so lu t ions u s ing e x t e r n a l r a d i a t i o n s o u r c e s , such a s Co g a m m a r a d i a t i o n , 
al low one to c a l c u l a t e the y ie ld of h y d r o g e n e x p e c t e d f r o m so lu t ions of f i s s i o n -
was t e p r o d u c t s if the a s s i imp t ion is m a d e that e n e r g y depos i t ed by the be t a and 
gcimma r a d i a t i o n f r o m the f i s s ion p r o d u c t s h a s the s a m e eff ic iency in p r o d u c i n g 
h y d r o g e n a s in the c a s e of the °Co g a m m a r a d i o l y s i s . Al though th i s a s s ixmp-
tion is r e a s o n a b l e , no quan t i t a t i ve m e a s u r e m e n t s had b e e n m a d e on f i s s i o n -
p roduc t s o l u t i o n s . The r e s u l t s ob ta ined show tha t the a s s u m p t i o n is va l id , and 
the c o n c l u s i o n is r e a c h e d tha t the amoun t of h y d r o g e n tha t could be ob ta ined 
f rom f i s s i o n - w a s t e so lu t ions is e c o n o m i c a l l y ins ign i f i can t . 

II. E X P E R I M E N T A L P R O C E D U R E 

A. The F i s s i o n - p r o d u c t Solut ion 

A 1 0 - m g s a m p l e of u r a n i u m (93% ^^^U) was s e a l e d in a t h i n - w a l l e d q u a r t z 
bulb ( ~ l / 2 - i n . d i a m e t e r ) unde r about 0.5 a t m h e l i u m . T h i s bulb w a s p a c k e d 

*A recent summary of this field is given in Ref. 1. 



tightly in aliiminum foil in an aluminum can (3 x l:^-in. d iameter ) . The lid 
was bccim-welded onto the can under vacuum. 

The sample was placed in the CP-5 reac tor for one month at 5 x 
10'^ n cm"^ s e c " ^ The alirminum can was opened 80 days after completion of 
the i r radiat ion, using a remote-control led, e lect r ical ly operated tubing cut te r . 
All operations were performed in a hot-lab cave using hand-operated remote 
manipula tors . The quartz b\ilb was placed in a 10-ml Pyrex beaker . The bulb 
was broken by placing a metal pipe on top of the quartz bulb and dropping a 
meta l rod through the pipe, the extent of t ravel of the rod being l imited by a 
rubber collar on the rod to prevent the rod from contacting the beaker . 

One and one-half ml of HNO3 (12 M) were added to the sample , and the 
beaker was covered and allowed to stand overnight. Three ml of H2O were then 
added to the beaker to bring the ni tr ic acid concentration to the des i red level 
for the experiments to be descr ibed. A radiation monitor was used to d e t e r ­
mine approximately how much activity dissolved by measur ing the activity of 
the beaker before and after decanting the liquid to the r e s e r v o i r on the react ion 
vesse l . About 50% of the activity remained in the beaker . An at tempt was made 
to dissolve more activity by adding 2 ml of 16 M HNO3 and allowing the sample 
to stand for 4 days. Less than 10% of the remaining activity dissolved in the 
ni tr ic acid. The activity therefore was either in the quartz or from fission 
products that were not soluble under the conditions used. 

B. The Reaction Vessels 

The overall experimental operation is indicated in the block d iagram 
shown in Fig. 1. The reac t ion-vesse l section is shown in detail in Fig . 2. 
The apparatus was constructed from Pyrex except for the valves, which were 
Ke l -F , and the I / I 6 - and l / 8 - in . Teflon tubing used to connect the valves with 
the Pyrex . (The l / l 6 - i n . tubing was used where minimum liquid volxime was 
desired, i.e., between R and A and between A and B.) 

s 
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CO2 
PURIFICATION 

Fig. 1 

Block Flow Diagram of Apparatus. R: reservoir for 
solution of fission products; A: small reaction ves­
sel (0-20 CC); B: large reaction vessel (20-250 cc); 
V1-V3: remote-controlled, air-pressure-operated 
values from Laboratory Data Control; \ \ is 
#CAV2031K. V2 is #CAV3031K (three-way valvel, 
and V3 is #CAV2060K: T j and To "safety" traps; 
W: shielding wall. 
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Reaction-vessel Arrangement. F] :̂ medium-
porosity fritted glass disk; F2: fine-porosity 
fritted glass disk; G: Pyrex glass wool (loosely 
packed). The other symbols are defined in the 
legend for Fig. 1. 

The ni t r ic acid solution of the fission products passed through a sintered 
glass filter (to remove small par t ic les of quartz) into the r e s e r v o i r ( R ) . This 
r e se rvo i r , as well as the react ion vesse l s (A and B), had volume-cal ibrat ion 
m a r k s . P a r t of the solution was allowed to flow from the r e se rvo i r to vesse l A, 
while CO2 was flowing through the fritted glass disk F^, the p r e s su re in A being 
about 0.5 atm. The CO2 bubbled through the solution, carrying with it the H2 
produced by radiolys is , was collected, and the H2 was separated, as described 
la ter . Water was added in increments through the nonactive-solution inlet, and 
the gas analysis was repeated tontil the volume in A reached about 20 cc. 

Then the contents of A were t rans fe r red to B by opening the valve con­
necting A and B (see Fig. 2) and putting CO2 p re s su re (about 1.5 atm) on the 
liquid in A through the nonactive-solution inlet. During this t ransfer , CO2 was 
flowing through the fritted glass disk F2, the p r e s s u r e in B being about 1.5 atm. 
The CO2 bubbling through the solution in B was collected and analyzed for H2, 
addition of nonactive solutions being made as des i red through the nonactive-
solution inlet on B. The valve at the bottom of B was used to drain the solu­
tion; a measu red aliquot was used to determine the activity per unit volume. 

The t raps T^ and T2 had volvimes somewhat la rger than vesse l s A and 
B, respect ively, and were present as a safety feature to prevent the radioactive 
solution from "backing up" (as a resul t of accidental p r e s su re imbalance) into 
the CO2 source . The outlet tubes from tops of A and B were loosely packed 
with glass wool to dec rease the possibili ty of liquid droplets being ca r r i ed 
along by the CO2 s t r eam. 

C. CO2 Purif ication and Storage 

The source of CO2 was a tank of Matheson "Coleman"-grade CO2. The 
CO2 entered the apparatus as shown in Fig. 3 and was frozen in the f i rs t t r ap 
at l iquid-nitrogen t empera tu re with a vacutrm on the exit side of the t r a p . The 
CO2 was then dist i l led to the second t rap with a vacuiim on the exit side. F u r ­
ther t r a p - t o - t r a p dist i l lat ions were found to be unnecessary . The CO2 was 



s t o r e d in the s econd t r a p at -78''C and was a l lowed to flow to the r e a c t i o n v e s ­
s e l s , when needed , by opening the a p p r o p r i a t e s t o p c o c k s in F i g . 3 and r e a 
v e s s e l v a l v e s (see F i g s . 1 and 2), a s wel l as the s t o p c o c k s and v a l v e s shown 
in F i g . 4 . 

VAC. 

BALL TYPE 
FLOWMETER 

CO2 I^^J /^^{I}^ 
H5O-

Fig. 4 

Gas-collection and -separation Appara­
tus. S: solenoid; M: iron pipe; Z: so­
lenoid valve; C: check valve, Circle 
Seal, Model 259B-3PP; R: pressure re­
lief valve; P: pressure sensor; J: ball 
joints. 

s 

tdVti 

^B 
OUTLETS TO 
REACTION 
VESSELS A 
AND B 

Fig. 3 

CO2 Purification and Storage Apparatus. 
C: "Cajon" 0-ring fittings for 1/4-in. 
tubing. 

f^^ 

TRAPS 

V^ 
3-»VACUUM 

J 

VACUUM-[ 

D. G a s - s e p a r a t i o n and - co l l ec t ion A p p a r a t u s 

F i g u r e 4 shows the v a c u u m line u s e d for co l l ec t ion of the CO2-H2 m i x ­
t u r e s coming f rom the r e a c t i o n v e s s e l s . The a p p a r a t u s w a s e v a c u a t e d b e f o r e 
opening the s topcock to e i t he r r e a c t i o n v e s s e l A or B . The n e e d l e v a l v e s a l ­
lowed v e r y fine con t ro l of the CO2 flow r a t e , which w a s m o n i t o r e d by the f low­
m e t e r in F i g . 3 . A l so , b e c a u s e the r a t e of flow of CO2 t h r o u g h the n e e d l e va lve 
should be p r o p o r t i o n a l to the p r e s s u r e on the u p s t r e a m s ide of the n e e d l e v a l v e , 
th i s p r e s s u r e was m o n i t o r e d by p r e s s u r e s e n s o r P (see F i g . 4) . 

The CO2 p a s s i n g t h rough the need le v a l v e w a s p u m p e d away d u r i n g the 
e q u i l i b r a t i o n p e r i o d (up to 18 h r ) . T h e n the a p p r o p r i a t e s topcock w a s t u r n e d 
to a l low the CO2 to flow into the f i r s t t r a p , which w a s at l i q u i d - n i t r o g e n t e m ­
p e r a t u r e . The CO2 w a s co l l ec t ed for a m e a s u r e d t i m e (1-2 h r ) , d u r i n g which 
the T o e p l e r pximp was o p e r a t i n g , t h e r e b y co l l ec t ing the h y d r o g e n and o t h e r 



gases (oxygen and nitrogen) not frozen at l iquid-nitrogen t empera tu re . The 
CO2 was then dist i l led to the second t rap; this p rocess was stifficient to collect 
essent ia l ly all the gases entrapped in the frozen CO2. 

The Toepler pump system was designed for automatic operation and 
had a m e r c u r y valve, the design of which ensured that the amount of the gas 
coming through the t r aps that was not collected was negligible. The m e r c u r y 
valve was adjusted by allowing m e r c u r y from the r e se rvo i r to fill the two a r m s 
as shown in Fig . 4, the system being initially evacuated. The m e r c u r y level 
was such that it just closed off the inlet tube at V. Inductance-type switches 
were incorporated in an e lec t r ica l circuit so that, when the m e r c u r y level was 
below point Y, the solenoid valve Z opened to the a tmosphere, causing the m e r ­
cury to r i s e . When the m e r c u r y reached point X, where a second inductance 
lead was placed, the solenoid S was activated, causing the meta l pipe M to be 
ra i sed . This in turn caused the m e r c u r y level to drop sufficiently at V to a l ­
low gas to flov/ into the spher ical bulb above V. 

The e lec t r ica l circuit was designed so that a short t ime after solenoid S 
was activated, solenoid Z was deactivated, thereby opening the r e se rvo i r to 
vacuiom and causing the m e r c u r y level to drop before it spilled over into the 
m e r c u r y valve. Each cycle took about 40 sec; on the final cycle, the m e r c u r y 
was allowed (by manual operation) to spill over into the m e r c u r y valve and to 
continue into the spher ical bulb, forcing the gas into a U-tube collecting device. 
This U tube v/as then removed, and the gas sample was introduced into a gas 
chromatograph. 

The limiting factor in the efficiency of the operation of the valve, except 
on the las t cycle, where the m e r c u r y spills over, is the rat io of the small vol ­
ume of the inlet tube from point V back to the point of maxim-um t rave l of the 
m e r c u r y colimin to the la rger volume of the spherical bulb above V. T h e r e ­
fore, the tubing above X had a small inside diameter (about 2 mm) . 

A safety feature, shown in Fig. 4, is the check valve atnd relief valve, 
which were incorporated in the apparatus to prevent the p r e s su re from rising 
significantly above 1 atm in the event that the t empera tu re of the bath sur round­
ing the CO2 r e se rvo i r accidentally increased. 

E. Analysis of Gases 

The U-shaped tube used for collecting the gas from the Toepler pump 
was constructed with two two-way stopcocks so that it could be put on the gas 
chromatograph and flushed out with c a r r i e r gas before turning both stopcocks 
to introduce the sample. A 12-ft column of molecular sieve 13X was used, 
which gave m o r e than adequate separat ion, the retention t imes being 2, 5, and 
13 min for hydrogen, oxygen, and nitrogen, respect ively . 

The instrt imental sensitivity for hydrogen and oxygen was determined 
by introducing a known quantity of argon containing a known percentage of ei ther 
hydrogen or oxygen. Argon was used as the c a r r i e r gas in the chromatograph. 
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F . D o s i m e t r y 

The r a t e of e n e r g y d i s s i p a t i o n in the so lu t ion of f i s s ion p r o d u c t s w a s 
d e t e r m i n e d by e v a p o r a t i n g a known v o l u m e of the f i s s i o n - p r o d u c t so lu t ion 
to d r y n e s s and adding 100 cc of F r i c k e d o s i m e t e r so lu t ion (0.4 NI ^ 2 ^ 0 4 , 
10"^ M FeS04 , and 10"^ M NaCl ) . The a b s o r b a n c e (at 304.0 nm) of t h i s s o l u ­
t ion w a s then m e a s u r e d , us ing a 1 0 - c m ce l l , o v e r a p e r i o d of about 3 d a y s . 
The s lope of the r e s u l t i n g l i n e a r plot of a b s o r b a n c e v e r s u s t i m e a l lowed the 
d o s e r a t e to be c a l c u l a t e d d i r e c t l y f rom the known G(Fe ^) v a l u e . 

In p r i n c i p l e , a c o r r e c t i o n should be m a d e for the d i f fe ren t g e o m e t r i e s 
of the 1 0 - c m G a r y ce l l and the r e a c t i o n v e s s e l in which the h y d r o g e n w a s g e n ­
e r a t e d . However , th i s c o r r e c t i o n is e s t i m a t e d to be l e s s than a few p e r c e n t , 
so it h a s been n e g l e c t e d . 

III. R E S U L T S 

T h e r a d i o a c t i v i t y con ten t of the f i s s i o n - p r o d u c t so lu t ion w a s fovmd to 
be insuff ic ient to m a k e m e a s u r e m e n t s of G ( H 2 ) at n i t r i c ac id c o n c e n t r a t i o n s b e ­
t w e e n 0.5 and 4 M. A t t e m p t s to m e a s u r e G ( H 2 ) in th i s c o n c e n t r a t i o n r a n g e w e r e 
u n s u c c e s s f u l ; i . e . , the h y d r o g e n p e a k ob ta ined by gas c h r o m a t o g r a p h y was e s ­
s e n t i a l l y i den t i ca l to that ob ta ined by o p e r a t i n g the g a s - c o l l e c t i o n a p p a r a t u s 
u s i n g n o n r a d i o a c t i v e n i t r i c ac id s o l u t i o n s . H o w e v e r , b e c a u s e G(H2) i n c r e a s e s 
a s the HNO3 c o n c e n t r a t i o n is d e c r e a s e d , a m e a s u r a b l e y i e ld of h y d r o g e n was 
ob ta ined when 3.2 m l of the f i s s i o n - p r o d u c t so lu t ion w a s d i lu ted to 150 m l , 
m a k i n g the c o n c e n t r a t i o n of HNO3 0.08 M. In th i s c a s e , the o b s e r v e d h y d r o g e n 
peak w a s about t h r e e t i m e s as g r e a t as " b a c k g r o u n d . " Af te r the b a c k g r o u n d 
w a s s u b t r a c t e d , the h y d r o g e n p r o d u c t i o n r a t e was 0 .035 p,moles of h y d r o g e n 
p e r h o u r . The r e p r o d u c i b i l i t y was good, four 1-hr r u n s y ie ld ing h y d r o g e n peaks 
of 17.7, 18.0, 18.1 and 17.9. The "backgrot ind, " as d e t e r m i n e d e a r l i e r , on non­
r a d i o a c t i v e s o l u t i o n s , w a s 6 + 1 . 

The r e s u l t s of the d o s i m e t r y a r e exempl i f i ed in F i g . 5, w h e r e the a b ­
s o r b a n c e at 304.0 n m due to F e ^ is s e e n to i n c r e a s e l i n e a r l y wi th t i m e . A 
s m a l l i n t e r c e p t at t i m e z e r o is o b s e r v e d tha t is a l m o s t c e r t a i n l y due to ox ida ­
t ion of F e ^ by v a r i o u s f i s s i o n - p r o d u c t m e t a l i ons . The s lope of the plot shown 
in F i g . 5 y i e lds d i r e c t l y a dose r a t e Ln the d o s i m e t e r s a m p l e of 50.7 r a d s / h r . 
T h i s m u s t be c o r r e c t e d for 13 days of decay to the t i m e at which the h y d r o g e n 
y i e ld s w e r e m e a s u r e d . The c o r r e c t e d va lue is 59 r a d s h r , b a s e d on f i s s i o n -
p r o d u c t decay da ta in Ref. 2. C o r r e c t i o n s for a l iquot f r ac t i on and d i lu t ion r e ­
su l t in an e n e r g y d i s s i p a t i o n r a t e of 1.07 x 10^^ e V / h r (1.14 x 10^ r a d s ' h r ) in 
the 150 cc of so lu t ion f rom which the h y d r o g e n y ie ld was m e a s u r e d . F r o m this 
va lue and the o b s e r v e d hyd rogen p roduc t ion r a t e of 0.035 M,moles 'h r , a v a l u e 
of G(H2) = 0.197 is ob ta ined . 

In p r i n c i p l e , the y ie ld of oxygen could a l so be m e a s u r e d in t h e s e e x p e r i ­
m e n t s ; h o w e v e r , the y ie ld is s m a l l and the s e n s i t i v i t y of the gas c h r o m a t o g r a p h 



(with argon c a r r i e r gas) for oxygen is about 10 t imes less than for hydrogen. 
F u r t h e r m o r e , smal l amounts of nitrogen and oxygen were always obtained in 
blank exper iments with inactive solutions, apparently due to small leaks a s ­
sociated with the plast ic va lves . Hence, only the hydrogen yields could be 
measu red . 

11 

Fig. 5 

Fission-product Dosimetry. An aliquot of the 
fission-product solution was evaporated to dry­
ness and dissolved in 100 ml of Fricke dosim­
eter solution (0.8 N H2SO4, 10~3 M Fe++, 
10"^ M NaCl) at time zero. The absorbance 
at 304.0 nm is shown as a function of time. 

30 40 
TIME(hours) 

The yield was also determined under conditions in which mos t of the 
hydrated e lect rons were converted to hydrogen atoms, and a hydrogen-atom 
donor (formic acid) was present from which the hydrogen atoms could abs t rac t 
hydrogen. The exact conditions were [NO3"] = 0.027 M, [H"*"] = 0.29 M (by 
adding sulfuric acid), and [formic acid] = 2.7 M. Under these conditions the 
hydrogen evolution ra te was considerably enhanced, G(H2) being 2.4o. 

IV. DISCUSSION AND CONCLUSIONS 

A. Comparison of Observed and "Expected" G(H2) 

The observed yields of hydrogen can be compared with yields calculated 
on the basis of known reac t ion- ra te constants and the yields of p r imary species 
obtained in previous aqueous radiation chemis t ry s tudies. 

The expected yield of hydrogen at [H ] = [NO3"] = 0.08 M can be e s t i ­
mated from resu l t s on the effect of such reactants on the molectilar hydrogen 
yield.^ (These resu l t s a r e also discussed on page 77 of Ref. 1.) In pure water , 
the yield of hydrogen is 0.45 molecules/lOO eV, but 0.08 M H reduces the yield 
to 0.32, and 0.08 M NO3" reduces the yield to 0.25. The combined effect of H"*" 
and N03~ at 0.08 M should cause a reduction to about 0.22-0.23, which is near 
the value of 0.1 9y observed h e r e . Therefore the resu l t obtained in this work 
can be seen to be sufficiently near the value expected on the basis of previous 
aqueous rad ia t ion-chemis t ry studies of water to justify the conclusion that the 
radiolytic action of dissolved fission products is not different from the action 
of the external radiation sources used in previous s tudies . 



Fur ther support of this conclusion is given by the resu l t s of the lo^ 
acid exper iments . The G(H2) can be predicted in these exper iments from 
known p r imary G values of H2, H, and e£q, and the rate constants for the r e a 
tions of these species with H"*", NO3", and formic acid. 

The main effect of the addition of formic acid is that hydrogen a toms , 
which would otherwise reac t in ways that would not yield hydrogen, will a o -
s t rac t H from formic acid to produce H2. The main react ion is 

O O 
II II 

H + H - C - O H - H2 + C-OH, ki = 1.1 x 10^ M ' ' s e c ' ^ (1) 

The fraction of H atoms which yield H2, fn . is determined by the competition 
between react ion 1 and 

H + N03' - HNO3", kz = 2.4 X lO'' M "' s e c " ^ (2) 

At the concentrations used (see Sec. Ill above), 

ki[HCOOH] 
^2 ki[HCOOH] + kzfNOs"] 0 .82 . 

Most of the hydrogen atoms originate from hydrated e lect rons via the 
react ion 

eaq + H+ - H, kj = 2.16 x 10^° M'^ sec " ' . (3) 

The react ions 

O 
II 

e£q + H - C - O H - H + COOH", k 4 = 1.4 x 10^ M"' sec " \ (4) 

and 

e£q + NO3" - N03=, k j ^ 1 .1 x 10'° M "̂  sec " \ (5) 

a re in competition. The fraction e£q converted to H atoms is therefore 

k3[H'''] + k4[HCOOH] 
^^ ~ k3[H+] + k4[HCOOH] + k5[N03"] 

or f̂  = 0.96. 

To calculate G(H2) , one must know the three p r imary G values , which 
are represented by the designations g(H), g(e£q), and g(H2). In pure water , 
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g(H) is 0.71 ( see page 74 of Ref. l ) ; c o n s i d e r i n g the c o m b i n e d effects of the 
H"*", N03~, and f o r m i c ac id p r e s e n t , th i s would be l o w e r e d to about 0 .6 . The ef­
fect of t h e s e c o m p o n e n t s on g(H2) can l i k e w i s e be e s t i m a t e d (see page 77 of 
Ref. l ) ; g(H2) in p u r e w a t e r is 0 .45, but would be l o w e r e d to about 0 . 3 . The 
p r i m a r y y i e ld of e£q is 2 .8 . (See page 142 of Ref. 1.) F r o m t h e s e v a l u e s , the 
p r e d i c t e d y ie ld of H2, G ( H 2 ) , is g iven by 

G(H2) = g(H2) + fHjfHg(e£q) + g(H)] 

or G(H2) = 3.0. 

T h i s c a l c u l a t e d G ( H 2 ) is in r e a s o n a b l e a g r e e m e n t with a v a l u e of 2.7 
ob ta ined (by i n t e r p o l a t i o n ) f r o m g a m m a - r a d i o l y s i s r e s u l t s of S m i t h i e s and 
Hart'* on G ( H 2 ) v e r s u s [ H C O O H ] in w a t e r . Ac tua l ly , the l a t t e r a u t h o r s found 
G ( H 2 ) to d e c r e a s e f r o m 3.2 at 1 M HCOOH to 2.4 at 5 M HCOOH due to c o m ­
pl ica t ing r e a c t i o n s ( involving f o r m i c ac id) not c o n s i d e r e d above . T h e r e f o r e , 
our e x p e r i m e n t a l v a l u e of 2.43 shows tha t t h e r e is no l a r g e d i f fe rence in G ( H 2 ) 
ob ta ined u s ing d i s s o l v e d f i s s i on p r o d u c t s as opposed to °Co g a m m a r a d i o l y s i s . 

B. Hydrogen Evo lu t i on f rom P r o c e s s e d F i s s i o n - w a s t e Solut ions 

It is of i n t e r e s t to e x a m i n e th i s sub jec t f r o m the s tandpoin t tha t useful 
quan t i t i e s of h y d r o g e n m a y p o s s i b l y be g e n e r a t e d f rom f i s s i o n - w a s t e s o l u t i o n s . 
Indeed, t h i s w a s an i m p e t u s for the e x p e r i m e n t s d e s c r i b e d in th i s r e p o r t . F r o m 
the following, one can s e e tha t the e n e r g y va lue of the h y d r o g e n g e n e r a t e d f r o m 
f i s s i o n - w a s t e p r o d u c t s would be r e l a t i v e l y s m a l l . 

One can e s t i m a t e the t o t a l quant i ty of f i s s i o n - w a s t e p r o d u c t s t ha t wi l l 
be p r o d u c e d f r o m the p r e s e n t to the y e a r 2000 f r o m f igures g iven by Schne ider .^ 
F r o m t h i s , an o r d e r - o f - m a g n i t u d e e s t i m a t e can be m a d e of the a v e r a g e h y d r o ­
gen p r o d u c t i o n r a t e tha t could be ob ta ined by u t i l i z ing the e n e r g y l i b e r a t e d v ia 
r a d i o a c t i v e d e c a y . B a s e d on the p r i m a r y m o l e c u l a r h y d r o g e n y ie ld of 
0.45 m o l e c u l e s / l O O eV, we obta in 10 tons p e r day; addi t ion of a h y d r o g e n - a t o m 
donor could i n c r e a s e th i s about a f ac to r of s i x . * Hydrogen p r o d u c t i o n r a t e s 
in th i s r a n g e a r e not ins ign i f ican t , but a r e s m a l l c o m p a r e d with the a v e r a g e 
da i ly u s a g e (1972) of h y d r o g e n in the U. S. of about 2 x 10^ t o n s . The va lue of 
h y d r o g e n is about $ 3 0 0 / t o n . It does not s e e m l ike ly tha t a safe , eff ic ient p r o ­
c e s s could be d e s i g n e d tha t would m a k e the co l l ec t ion of the h y d r o g e n p r o d u c e d 
f rom f i s s i o n - w a s t e so lu t ions e c o n o m i c a l l y f e a s i b l e . 

In u n d e r s t a n d i n g why m o r e s ign i f ican t a m o u n t s of h y d r o g e n would not 
be ob ta ined f r o m the r a d i o a c t i v e decay of f i s s ion p r o d u c t s , we can v i ew the 

*We have shown that the addition of a hydrogen-atom donor such as formic acid enhances the G value for hydro­
gen to about 2.4 molecules per 100 eV absorbed. For this process to yield a net gain, however, more than one 
molecule of hydrogen must be produced per molecule of formic acid consumed, because the formic acid has 
a fuel value of about one molecule of hydrogen. This conclusion results from the fact that the reaction 
HCOOH -»• Ho + COo has a negative AG; i.e., the thermal decomposition of formic acid can be readily catalyzed. 
Therefore, both of the hydrogen atoms of formic acid would have to be abstracted by radiolytically generated 
hydrogen atoms to achieve a gain of a factor of 2 in the " energy" yield. 
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process in t e r m s of the energy r e l ease per fission. About 12% of the energy 
re leased per fission is stored as nuclear instability of radioact ive fission pro 
ucts.^ (82% of the energy from "^U fission goes into the kinetic energy of the 
fission fragments , and 6% is accounted for by prompt gamma rays and neutrons 
emitted within about 1 m s e c of the fission event.) At f irs t glance, this would 
seem to be an appreciable source of energy if it could be used to convert water 
into hydrogen. However, much of the radioact ive decay will occur while the 
reac tor is operating; a rough es t imate is that 90% of the radioact ivi ty produced 
would decay before the used fuel is removed. Of the remaining energy stored 
as radioactivi ty, a considerable fraction cannot be absorbed by an aqueous so­
lution, i .e. , energy ca r r i ed away by the neutrino in beta decay. If we take a 
value of 50% for the la t ter , we have 0 . 1 2 x 0 . 1 x 0 . 5 = 0.006 as the fraction of 
the energy produced by fission that can be used to radiolyt ical ly decompose 
water . 

Of course , this energy is not used with 100% efficiency in producing 
hydrogen. If we use 3 eV per molecule as the energy value of hydrogen (i.e., 
the heat of combustion), and a G value of hydrogen production of 2.5 molecules / 
100 eV, we see that the radiolytic p rocess is only 7.5% efficient. Therefore, 
the energy content of the hydrogen produced re la t ive to the energy l iberated 
per fission would be 0.006 x 0.075, or about 0.05%. 

It is of in te res t in r ega rd to the above to consider the efficiency of hy­
drogen production in the case of a homogeneous reac to r , where the kinetic 
energy of the fission fragments decomposes water with a G value in the rainge 
of 1.5-1.8 molecules/ lOO eV. In this case , the hydrogen energy content wovdd 
be about 5 eV per 100 eV absorbed, and the overal l resu l t would be that 4% of 
the energy re leased per fission would be s tored in hydrogen (i.e., 80% t imes 
5%). This r ep re sen t s a potentially significant fraction of the energy output of 
a r e ac to r . 

ACKNOWLEDGMENTS 

The help of C. H. Youngquist, J . C. Hoh, and J. A. Van Loon with respect 
to the setup and use of facilities in the hot- lab cave is gratefully acknowledged. 
Discussions with F . Schreiner concerning the energet ics of var ious chemical 
react ions are also gratefully acknowledged. The efforts of C. Connally in the 
design of the automatic Toepler pump sys tem a re also gratefully acknowledged. 



15 

REFERENCES 

1. I, G. Draganic and Z. D. Draganic, The Radiation Chemistry of Water, Academic 
Press, New York (1971), 

2. Radiological Health Handbook, Revised Edition, PB 121784R, U. S. Department 
of Health, Education, and Welfare (Sept 1960). 

3. E. Peled and G. Czapski, Studies on the Molecular Hydrogen Formation (G^2^ 
in the Radiation Chemistry of Aqueous Solutions, J. Phys. Chem. 74, 2903 
(1970). 

4. D. Smithies and E. J. Hart, Radiation Chemistry of Aqueous Formic Acid So­
lutions. Effect of Concentration, J. Am. Chem. Soc. 82, 4775 (1960). 

5. K. J. Schneider, Solidification and Disposal of High-Level Radioactive Wastes 
in the United States, Reactor Tech. 13, 387 (1970). 

6. J. P. Unik and J. E. Gindler, A Critical Review of the Energy Released in 
Nuclear Fission, ANL-7748 (Mar 1971). 






